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ABSTRACT

The problem was the development of an antenna system no
more than. 100 feet high for the frequency range 27 to 60 kHz
having & radiating efficiency of 0.2% with a design goal of
N.5%. The irput power capability was to be 50 kW. A theoret-
ical design was proposed with five support towers 100 feet high
and a square area of 425 feet on a side. A model was constructed
at a frequency scale of 6.66 to 1.0 for testing. The model
achieved the 0.2% efficiency, but the major loss in the system
was the tuning inductors. The inductor problem was studied and
the conclusions was that inductors having more than 1500 ohms
suffzred unanticipated losses from circulating currents due to
approaching self-resonance. This led to a reconfiguration of
the original array to one having seven =support towers in a
hexagon 340 feet on a side. Measurem:nts on the model indicated
0.350% efficiency with a predicted efficiency for the full size
antenna of 0.,673%. The modification reduced the voltage on the
system to 45 kV for 50 kW and indicate that a design for 100 kW
input power is feasible.
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SECTION I

INTRODUCTION

P

Thig'program was for the purpose of studying the feasibility
of an electrically short antenna which will provide a minimum
radiated power of 100 watts in the frequency range from 27 to 60
kHz. The study produces data for the design of a dispersible
antenna 100 feet high to be used in survivable low frequency
communications systems.

The system and methods proposed develcp the maximum bandwidth-
efficiency product and thereby offer gcod bandwidth as well as
efficiency. Based upon previous study work, a special configura-
tion was offered which has been named PARAN (Perimeter current
antenna). It is based upon the principle, tbut if the vertical
radiating portion of the current can be made to flow in a sheet
on the perimeter of the available site area, then the maximvm
bandwidth-efficiency product for the available site will be
developed.

In addition, if this current is constant. from the ground
lev to the height of the antenna, then the maximum poscible
radiation resistance for a cgiven heaight is developed. This is
equivalent to having the effective ight of the antenna system
equal to its physical height.

After conference with RADC at the initiation of the program,
it was confirmed that the concept as proposed agreed with the
intent of the RFQ and the program was started by maximizing sub-
elements of the system and then constructing & model for confirma-
tion of the design.
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SECTION X

PROPOSED ANTENNA SYSTEM

+n answWwer tv the Rom- Air Development Ceatsrx Request for
Proposal, a four-element antenna was selected which was shown
thegrztically to meet hoth the specificatiur reguirement and
also the design gnal reguested., This arcerna configuration,
as developed by Continerntal Ulectronicr, increases the radia-
tion resistance and, consequently, the efficiency n»f antennas
of equivalent size by two methaeds. On2 is the development of
constant current over the antenna height which develops the
maximum possible radiation repistunce for a given height., The
second is the use of the mutual resistance of muitiple slements
which multiplies the single elemant radiaziocp resistance slmost
proportionally with the number ~f elements ured,

The antenn:, which was propossd is shown in Figure 1. I¢
was 100 feet high as reguired by tLhe specifications snd 425 feet
square, Figure 2 shows how the constant currant on the vertical
portion of the antenna is achisved, as *n .. guartverwave resonant
antenna, by using a leoading coil which is effectivaly in series
at the top of the tower, but is pnusically giacsd at ground level,
using the tower as a transmission line, TIhe element is affz2o-
tively fed at the top pstween the towcr and top hat terminals.
Figure 3 shows this results in the meximun possikle radiation
resistance for a single antenna of a ylven height (Reference 1f.
For a height of 100 feet at 27 kidz (.9%9 electrical degress' this
naximum registange is

/

2T G

Rs = 01195 ohas {self-resistange; {2}

This radiation xesistance i3 further improved ny diviiling
r the current flow egua.ly between four in-phase elements The
mutual resistance netwean those 2lemsnts 18 showa in Fajgure 4,
based upon the spacings between 2luvments, the totai racsation
resistance is the sum of the seli-resistance shown aha vz and
the three mutual resistances from Flgure 4, ot 27 ¥Hg,
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Ra = ,01195 {1 + ,992 + .992 + .995) (=)

Ra = ,0473 ohns (4,

With an assumed grounu and inductor loss of 3.6 chms, and
a reductivn of radiation resistance due to physical sag in the
top hat, the predicted efficiercy of the proposed antenna was

.0473
N = T5a37 + 3.6 (5)
n= 1,2% {6)

The sprcification calls for 0.2% with a design goal of 0.5%
efficiency. With this margin for reduction to practice the work
proceeded immediately by model work to maximizing the vaxrious
parameters of the array.
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SECTION III

TOP LOADING STUDY

In this multiple-element antenna system, each element is
separately tuned to resonance, and in so doing, the total tcp
ioad capacity is divided equally between the elements. For a
given cenfiguration, the starting point is to develop the maxi-
mum capacity for each of the sub~divisions of the top hat.

In this way, the voltage and tuning inductor requirements
are minimized. Figurz 5 shows the position of the flat top
allocated to each element in the proposed four-element systen.

For this work, an aluminum ground plane system at a mode!
scale of 1:120 was constructed and data was taken on various
wire configurations. The best configuration for each number of
wires is shown in Figures 6 through ll. The capacity for each
was measured at dc and was also computed from the reactance
measureinents over th. equivalent scale frequency from 3,25 to
7.2 MHz. A summary of the capacitance data is shown in Figure
12, and the reactance data in Figure 13. ]

The optimum number of wires for the flat top appeared to
be three, four, or five, depending upon further analysis of
corona and ground loss problems. The particular configuration
for the elements was chosen to form as long a current path from
the element tower to the common connection at the center of the
array. This is to take advantage of the series inductance of
the current - " and thereby reduce the total reactance.
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SECTION IV

CORONA PREVENTION

The expected voltage potential on the top lozd portion of
this antenna is directly related to the radiated power by ele-
mentary expressions, The design goal for radiated power is 250
watts. For a short monopole, this is a field intensity of

250
e =F 1600 (7)
Where F is the known field intensity of a short monopolz

with 1000 watts of radiated power and is 186.3 MV/m at one mile
distance. Therefore,

e = 186.3 Y=o

1000 (&

c = 93.15 MV/m {3)

The field intensity at oue mile is related to the vertical
current flow in any ncndirectional antenna by

e = 0.,65A

(10)
where A is the area in ampere degrges under the function
{Reference 2)

I = £{h) (11)

where f(h) is the vertical distribution of the total current flow-
ing on the antenna. For this array, the current distribution is
constant from its base to its top hat over an electrical length

of 0,99° (100 feet at 27 kHz) so h = 0.99° and because it is
constant

A-hxIX (12)
From 10
e = (.65 (h x 1} (13}

o i O OO
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q »
€
93.15
= =
1= 655 .65x .99 (24)
I = 145 amperxes (15)

'

In a four-element antenna, this current is divided evenly between
the four elements and each element has a current

1e = 4%/,

= 36.2 amperes (16)
The approximate voltage on the top hat is due to the volt-

age drop across the tuning coil which from Figure 13 for four

wires at 27 kHz has 2,060 ohms reactance., The voltage on the top

hat then is
E=IxX (17
E = 36.2 X 2060 (18)
E = 74,7 kV (19)

A single wire 1/2 inch in diametor at 10C feet height abnve
ground (200 feet to image) his a voltage gradient on its surface
as shown in Figure 14,

#

G” 0.57 X 74.7 {20)

4

e 42,5 kV per inch (21)

Thir gradient will be reduced with multiple wires in the
top hat as shown in Figure 15, If we take a factor of 0.62 for
adjacent wires and 0.8 for the second closest vwire, the approxi-
mate gradient on 1/2-inch diameter wire in the configuration
provosed is

G = 42.7 X .62 X .8 (22)

& = 21 kV per inch (23)
The breakdown for dry air is 52 kV per inch giving a safety

factor of 2. On this basis, l/2-inch diameter top hat wire was
sclected for initial development work.

19
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SECTION V

GROUND SYSTEM

A nore rigorous analysis has been made of the ground system
requiraments to determine the minimum system which will meet the
efriciency requirements. This minimum system will ease the
irstallatioa requirementz and is the starting point for large
scale model studies., I.sses in the immediate vicinity of the
anterna can be defined as th¢ -~um of 7 field and H field losses.
These are best specified i {erms of total watts per ampere of
current at the tower connection to the ground system. This value
tha., is in ohms and can te related directly to the radiation
resistance at these same termirnals for computdtion of the system
efficiency and bandwidth.

The H field loss is due entirely i2 the radial current flow-
ing in the ground from the base of the antenna caused by the cur-
rent flow on the vertical portion of thl antenna. The E field
loss is due to that current which flows transverse.y . r normal to
the radial ground wires and is equal to the antenna displacement
currel.c immediately above the surface of the ground.

The total H field current flow is divided between the radial
ground wires and the earth in proportion tu their admittances.
The characteristic admittance of so0il is a cnmplex number (Refer-
eace 1l).

= (1 - 3j) 4nfp (24)

¢ dielectric constant
g conductivity
f frequency

u permeability

The values of Yg for practical soil cecuaauctivities has been
calculated and is snown 1in Figure 1l6. Abbott nas also shown that
the admittzance of a parallel grid is
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sidered parallel.

= -

fud logg 9
2Ta
frequency
permeability

wire spacing

wire radius

h

distance

21D J h2+D2

h antenna height

amperes per meter

Loss per unit area = Iz/Real part of Yg

The radial H field current distribution from the base of
the element (Reference 2) for a constant current of one ampere
in the antenna is

This is termed the near H field in Figure 18. The expres-
sion is not valid for the far field, which at a distance of 1/2n
meters, must satisfv the expression

24

(25)

This can be used for a radial ground system since losses are
summed from meter square segments for which the wires may be con-
Values for this admittance are shown in Figure
17. Normally the total current flows in the sum of these two
admittances and the loss is computed fcr that portion which flows
in the real part cof Yg.

However, to find where the critical areas are for designing
the ground system, we will calculate the loss with no physical
ground wires but consideriag a lossless theoretical conn:ction
to the earth to skin depth,

(26)
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L - J Ra (27)
£ R
A/4
R radiation resistance of subject antenna

R radiation resistance of a gquarterwave antenna

A4

A quarterwave antenna has a close and far lossless current
distribution which is inversely proportional to distance and
will equal one ampere per meter at a distance of 1/2 1 meters,

I, = —42§%§- = ,0344 amperes per meter. (28)

The inverse field and this far field are also shown in
Figure 18, The ground system need not extend beyond the dis-
tance where the near field intersects the far field, since the
far field current results from radiation alone.

We must examine the losses to a distance of 600 meters for
this antenna. From Figure 16, the characteristic admittance of
soil at 27 kHz is

o =1, Yg = .046 -3.046 (29)
o =3, ¥g = .08 -3.08 (30)
o] = 10, YS = ols "'jols

(31)

The ground area is segmented into annular rings, the first
being 10 meters in radius and the balance in 20 meter increments,
The power loss per segment then is

182 XA
Pg = —————m (32)
5 Y. (real)
S
I, average current per segment (Figure 3)
A area per segment
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The values of loss in the ground per ampere in the antenna
is cumulated from the base outward as shown in Figure l19.

The E field lcss is also shown in Figure 19 and is calcul-
ated by finding the depth of a solid conducting plane that is
equivalent to the ground system and then finding the I2R loss
due to current flowing in the capacitor from the surface of the
ground to this solid conducting plane. The resistance of the
soil is

h o
Rg = = (33)
o + (wes)Z

h equivalent screen depth
5 conductivity

. 2anf

eg earth permittivity

for all practical soils 0>>WE g thervfore

R = _.l_.. (34)

Pse . S (3o)

since the current in the soi'! equals the displacement current
directly above the surface

Ig = I4 = wekE (36)

w 2qf
¢ air permittivity

E electric field strength

28
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The power :r,s then is

- Ez(we)zh (37)

se o

2
For clarity, let & = (we) , Which is calculated and plotted
iG]

in Figurxe 20 as the specific E field loss. Then

2
Pse = E hg (38)

The E field ratio to the H field as given by Tove Larsen
(Reference 2) is shown in Figure 21 is constant current top
loaded antennas. This curve has also been placed on Figure 18 to
show reference distance. To examine the losses without a ground
system, h is taken at skin depth in the earth cr 98 meters for
the lowest conductivity. The E field loss is cunulatively shown
in Figurel9,

Examinatior of Figure 19 shows that there is no more than a
two ohm contiibution to the H field losses beyond 10 meters
from the entenna for the worst soil. The total E field loss is
one ohm and .ies in the area between one-half and one-towex
height, 15 ~ 30 meters.

It appears that a minimum ground system under the top load
wires and within 10 meters of the element bases will result in
no more than 3 ohms ground loss per element for tne system, We
had estimated a ground loss of 3.33 ohms in our proposal to
achieve the performance requirements.

To evaluate the calculations, a minimum ground system fcr

the model was installed as shown in Figure 22. Rrnalysis was
made to convert the findings from the model frequency to the

operating frequency range for the full scale antenna.
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SECTION VI

MODZL DESIGN

The evaluation model for this program was contractually
required to be at a scale not exceeding 10:1., A smaller scale
ratio will result in more accurate work and we proposed tc use
a scale ratio of 6.66. This ratio was chosen due to the limi-
tation of our available field intensity set which has a lower
frequency limit of 150 kHz.

The model constructed was 63.7 feet on a side and 15 feet
high as shown in Figure 23. The scale model has the equivalent
of 1/2 diameter conductors in the top hat and a solid conductor
in the towers which simulates a three-wire cage to forestall
corona. This is equivalent to a two-inch sinale conducror in the
final antenna. It may be feasible to install a two-inch aluminum

tube to eliminate the three-wire cage. This will need further
study.

34




ji!.:

NON METALIC CORD
289"
t
INSULATOR
~ TOWER SECTION
NO. 12 WIRE
I
[ 63.7
TOP VIEW
\ f=180 - 333 kN:z




B

A SUBSIDIARY OF MESALAB, INC,

NO. 1 GUAGE WIRE = 289" dia

INSULATORS ~~—d L] 15’

TOP VieEw
o_—-
£= 100 - 333 kHyz e _
E "=1nm
1 ot A TOWERS
1 ELEVATION
REVE J13-1)
Figure 23, RADC Modei Paran »




SECTION VII

MODEL PERFORMANCE

The scale model was installed and driven with 100 watts of
power. Field intensity measurements indicated an efficiency of
0.198% additional ground radials were added as shown in Figure
24, which improved the efficiency to 0.226%., Field intensity
measurements are shown in Figure 25. An analysis of the system
loss shows the following distribution,

Power radiated 0.226 watts
Coil Losses 72.000 watts
Ground System Losses 27.774 watts

Power Input 100.000 watts

The effective height for the model measured 14.32 feet. The
measured bandwidth efficiency product was 2.08 Hz. At the design
goal efficiency of 0.5%, the antenna bandwidth is

.

Bo = 208 L oos (39)
n

Bw = 416 Hz (40)

with matched transmitter loading, the system bandwidth will be
832 Hz.

The ground losses will reduce approximately as the square
root of the model scale

A S (41)
L, 27.7744 T

LG = 10,5 watts or 10.5% (42)

This is close to the performance predicted for 27 kHz. How-
ever, the coil losses are ruch higher than was predicted and
could not be accounted for by usual ccil design methods., It was,
therefore, decided to make a study of coil losses and develop
reliable prediction methods so that the full scale antenna design
and performance can be assured.
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SECTION VIII

INDUCTOR LOSSES

Numerous works on inductors and their losses are to ke
found in literature. The most extensive work on inductor
loss is that of Butterworth (Ref. 5) who considered a coil as
short cylirdrical parallel sections of conductor, and determined
losses as the result of the magnetic fields produced. For single
layer solencids, the ac resistance, as related to the dc resis-
tance, is given by

d 2 (43)
ac o
gc - Ht p( c ) G

H is the skin effect of each conductor and the next term
is the mutual coupling or proximity effect between the turns.
The tables of Butterworth are published by Terman (Ref. 6)
wherein the values of H are related to his function

y = na /e (44)
for copper

x = 0.1078a v £ (45)

d = wire diameter, Cm

f = frequency, Hz

Values of y are shown in Figure 26 for the frequency range
of interest. The values of H in this range of conductors and
frequency are shown in Figure 27 as taken from the referenced
tables. G from those taoles is shown in Figure 28. The parame-
ter u from the tables is plotted in Figure 29, The quantity d°/c
is simply the wire diameter divided by the spacing between turns
and has been plotted for convenience in Figure 30.

The first fabricated test Coil A is shown in Figure 31. This
coil was designed to have the inductance required or the scale
model PARAN antenna now undergoing study. F.gure 32 shows the
measured i1mpedance cof Coil A and Figure 33 shows the measured Q.
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Figure 27. H-Function Skin Effect




19853 AMunXOIg LORIUNY D) "8Z enBiy

A "

-
e
VA 119-24

- H
- -4 i
T |- I )
B ¢ t ] “
ISEGEE =+ P : : 4 o
= o N 0 Sy s - . . PO ey = - — - a4l
E v

— b

N 96k L S
L

42

i
-

~ D

.

. WI-HILINVIO UM
QA2 i

il o]

Continentat Electnonice MANUSACTURING CO
a sunsroiany o [RYESALAB, INC.
1 T 3
v i 35Xl
".1 N Tt 'x
. K 1
ot - _..1-.- -
|
e e -r 'l
o
N i
-

L. 1L — e 32
e

2 J“ : . ]
R _ R U SRR S

1 m i P m _w : . lll_TT.“'..fA F R GUN S

; 2 HU B ! , R B iR . A
- 1 : . i b g e g ‘e

S EN 1 ! I I 4 i S a

& e 5 D I ] S S AP G

i 0 1 ] ” i i i u\r’ 7 ) t — —— d 3 [ANP
168295 ¢ ¢ 4 Lt68 L9 § ¥ ¢ Z 16849 S ¥ ¢ 14 16829 5 v € L4 1682 9 5 v € 4 4

-5 5




APRDESRI DUSSEIII I RO (S POt PURSY BUREE I o 0 =
PR e I ‘q..'.q °\.d PUTS SO A PR S T (L B -1 °
_“»._..Q R . - LR P . . - . .. 3
PRSI I M . R N O R T . . <
N >
Y HEE SHE RN PO I S . N . N 2
LTS P e i S TR S RS T S SO S S ERE . .. . H
g 4
[P . O T N DR [ .. .. I S
f..evc s prt- .,.> . i RS SO .y . s . <o e “ .,..‘.
Rt EE [ L. JUURN SN WO R PN Coe e e e
PO fv»..x_wl P . I S L .- . .. R .. .. ce .
B Rk e SRS & 4 . U P TS DU P R .. PO
SH) DN -4 .hyz_l,...f‘. - 4 [N S R .. .. . P S > 2
...).»Hlu.c RRTIN YF\MA_K'. d -¥ A - [N IR PR T B gy seaee . 2 XS PO
b T...jr_vq. DE R I BE PR N SR SN N S N . s T‘ﬂﬂ ... e . . F
o . - v
: : 1
.Jt%..._VQ_, R TS OP SR DU . e .
il S0 2O SN SURSh IR JRDRN SER I R g we e .
- PO TS T SRR RUNE .. .- . ... - EEN -
: 9
JES00 TOURE JUEIY I S . e A S
.. 1. SR PO A T IR T R .
M .- e Sl LI R R Sl T
- [ FRU R J A S ™

4

SR py

e g

T

o fova g ashive I VI TS T S

. [UURE JUETN S S e . R .
H L I POt WO T R JE DU DENDUNS IR SR e cean. v.v'HO
¥ i T

.
.
¥
.
.
.
.

- odr + [ TRRRY RS TR )

0
0
|
|
3

.

t
»
3
.
v
.
+
R3

RIS

’

+

Rtk oo ool

P

at

3

a avsooiany or IFALAR INC
=
L
0
Dl
vt
&
-
o+
ot

i
BRI < J A
1 + 3
[ A - R N A
LJvlT‘%L “t =t ® R LR LRI
| i 1 1.4 - [Laet et fahad SR JR O S
T
ibh i} »«A L oded DU SRR RN .. J O S S
g R pOPRY SORS IR .. R S A Rl I
i -+ S EETRE TR RS - QJ?;X . PO
1 '
it H t SUFBUN) R bosvoattsr t4+ o Qe e e
H
. 3 .J!.. I S R R .
il .m m SOPNN DU FRa G S PR TS SV
Ah [P DU IR SRR S O
1 SN JEUS UURE BRI ...IH:. e e e e e
il . A
il i .
{ N { 4 : s - R TR R e R LR R
; E 4 . seofiiopd 4 3% YOUUY PUTUN SR LN SN [T OS T R
! _ 1 + I.TTH + ._... Ly oo Sl B RP ﬁr t I el SR
: i 3 I 199 0 it it ‘ [ FUUNE PR PO SCIUN DRI S QORI SR Y 4 - T A R
¢  H INEREE L N AL . N s 00 A it : L
} e - ~ - w - “ o -~
-




REV A
FAL T3]

TITITTT T s youx soszsnas smammeemm ——
A ¥ Sseass o e e e R
. HHT t 2 3t 13 SRR DRSS el s diveipivals g g
H T as + prasacwdal amngpdnpgod:
T [RSCES SE0E AR m sl sundis
iy Hi e T ~
1 o8 + 3337 pep ey
+ T v IR
ST uny o8 T 3 [ P
se 1 1834 sEu v 18 i = I DRI
t
T ! T : T :
1 1 fu s B 4t 3 . ‘.ﬁu
) + + u]‘w[ 1 - i T3]
. ol 44 .MLI. 4+ & + ‘ . I
Y S XECEIENEIEE N ShNH ICH HEPE Bk 0 iR R I
2= SN RS [ RS IERES S UE R e It SRS
+ : IS EE R RIS trasy o33 SRS ERX eIt (133001 SERNE PRS-
ans $ preept Ty ot b 5404 B ‘m Tl [233¢ 2398 XR001 TSN SRDA:
R 7 1 e e T SULE S 253 RS BN .w 13447 SMINE PO u.u".. w»u“
0 T T Ens s nRwryatociulek el that! obdh pUREY RiD: 332 $5333 reind 2384 SRR S >
T #95¢ FORUY FOSWE SDIHS IErE I s
0 e RPN ! {255 S 3353 SR RN B
; Ine e LTl 344 1549 pod YOG4 P W
v det 1 s - by i
1 suy AEQARNEARY §ury il
+ 1 SR U m
t ’ " og JTED *
1 T T +1 ‘«T [=]
T ] ; 1S
s 4 i
! A HrhTs el &
LS { c
23 &% 344 - - — .
: w it B L : 2
T :
& £ seasatc Hai asEal . ©
3 IE i i : S
T " - .
— 1T
H 4 S = ! o
s P12 eaass ssnsspanas Saa e '3
L M Feis 1“, + -1 R B4
3 $204000001 bu S PARESPE 81 2
e t o
i P R i
¢ " t i
H1 ST t :
t su s i ; e S0 55 nund SN MBIeniig) (H6%) F 57 SPRSE SRS o
I A SNNEEE0 RO RE SN PRERRAR SDURGE 1448 SORES DRQEE R S
1 + R a B I R aer st beetd R TR YRR
v H 44 v v 43 v - et - B e fubn s BRI SR ®
e ..ﬂ 3 1] 4t e e gt Feery 1 R Ets s ¥
> ! v +
141} T 5 PEEE NI HOSNPIDEDINTINR MODS FOGNY SO DY SN} W
3 N < RSUE SRS UDDEUNE NEENPEPEY o S A O Roa o - =
v 3 > A RSESE N - O bt 00 SRGOE BDE & SN TR T N PR [T
1assi } [ B - IR BE B SN N008 B4 bt LAY ‘ B
i3, 1 } H i : pvs e ot ST SR B s o4 emtieforteerte S e
j s BN SR A 10031 olag LASE IR
H i - M S0 0008 FOES4 SUBA eeas e dds
T » T O N T Iy .OHA“T bevedage foceesos o A
i 11 1 i1 N MR 8 008 il
.,r_ M ' < 4 - 1 T+ i ﬁAl ebbe i d poodssdas |35 SARRARE il ——
1Y ] (i 4 TN 100N JNS0N Shu ! [I0000R 00N LRSOUDHDEN BEPENIENE -
] | : 1 RN o i 2 ! : RS RRaS) Ly .
.Ew o~ ™ o - o - > w o~ © ~ w -
- - S pui S
-




64
1/4
035
025
500
0cC
12

—Continental Electnonica —

A BUMSIDIARY OF mESALAB, INC.

O

St ———————

32"

~

30"

430 kHz SELF RESONANT FREQUENCY

TURNS

INCH 0D COPPER TUBE

INCH WALL THICKNESS

SQUARE INCHES COPPER CROSS SECTION AREA
FEET LENGVH OF CONDUCTOR

RESISTANCE 0.32 OHMS PER 1,000 FEET

INCH SPACING BETWEEN TURNS

REV A J20Y

Figure 31. Test Coil A
45




Bt s - . -

SWHO - IDNVLIVIH

REV A J203

10,900
000
100

1,000

¥ t4 4+ - g - - — - - - b - - . . .- .- .. .- .- - - P
1 1 1 S iR cESE=s R PR EEaMEERSE S SRR SRS B! : IESAPRERRE SEFREN PR T
HEH B ad ikt sEd SRS SO uE It fPe2] kexil A2 00 I . .. - .
” @ P RS . v « e - §- coheqrfr- . IRRE RS .. . . . . . i
13 2218 TIFEESI SERRDE RSN I TR FESTI 1 7 : ) RENSEE N
u«fA‘v IR ! pypee IR EE25s AREEE s ’ . c R ... - -
P M M R R e e IIRE1 R . . P - POR PREpYY PP s ii e
- 1+ 41+ - 4 [PEAEP O apSueT 122 1221 22 i [RY . - PPN S -
3 ﬁ b T TIuHL"; : T e K A LR R T
1I1E 3 D 2004 . . ! g e il MDA M
apas ¥ : ;l\ﬂl RN PPDOS S5 & B9 ,n 1 u e = m FROAILINNDE SN + e e . .-
* —— - ~
. t g L P I BN IRRPY JPI IPDOAMNRSS B =
T L UL SIS Eh SpURE MaDS 53493 DRGRS .. MO OO JOLBOBIIMDE SN p
2008 4+ 44 +1 -- 1-f vt et S E vegee P Y I -3
1 +4 1:‘ PR IpEE SN I e e ;Tw TR ..».A iy cr e -4 d .. .
S :TIEZEETEE BRESE I sgzseces T et et T - . ©
H $S2g=L 3¢ $5. 3 sy S DEEINEE I IS NN Noti M N : 353 B IEH] 0 s N “
es3trE EREDE REREE 1003 b b= [RES=S =3 IR 525 e I : 32 PERS I -
ISRss g I i s R i NI RS B N R EE 1% FENEE IR q ST el as
S SRSRd RERE 3 =2 IFES=E aial SIS SIES S553 SRR 1 B 154 S 3822 SRS U 1S R
JessdERSEE Ll : ISR EERE SETIETNEICIEEEE! SN EURES R PR 153 3555t IE0E AR SE3HE ST o 8 B
: sgebaes aH el SEeEL S PR Y RERR i Setarll SoEt SR SR IRN BINR RS 115! (AL (SL0 FERNE SOES3 SRS < | . <l g
a il o 1344 4 js R R N e R N i LS SR35 4 SAUNPE B M 90 5450 I b SURS 4 4 7z 4 W
3233588 TH LRI NI PR s R e =l (St IoeS: FOUNE REEDS i+ 18 IO IEPES SERRE (INSE ol IDURERN E B
SHHIE : e isiaast] Hizeadonas ERSEERIESIE NIl (NeL: FEPRE RIS Biti L0 I Mgt ¢ o=y =
* 1+ N St + 4 PSR S FrReS Sy M TR S000% NOGN teeedisoy M = b < . w
+ T It
DO +4 —e—d. [ SEpDEY . ——t — MRRSS PREPE PN PIBSE FPORY Sue N B MRS -4 . PO -
e & H 100344 Su i Sietsatsndudd o 6003 00008 Sl BINMG o3 0004 IR SESPS DO BE BBSE: =1|: L=
. -k +44-+ P 030 8 ( NS SHED Y SRS T OO jass A2 PEMNEDEN 00 3¢ SODE EDEINS DRRE DG S IR - .. e -t
B [xY R il el e ansd R ml Silhn avdh (2001 bas ot SRS I R N B IR A ee AR .\r L e .. - I
: sgnenl- et e P e S R et cesral 10031 BEoe] BRSPS SRR (7 cAS] EE001 EIGH T ST : Tl =
4 S L 23444+ ﬁ»ﬂ:x#i] JY\DI? [P IR B R s N N I I IS E RS N Chees e . PSS Y. <
4 f B R R N D POORS OGN DINESS PR SR 0N I N I IR TEE RETIE ST ceer e e - -
1 mf e N e a e oS O e e b 0151 J00) 19008 fUost RS RS SRDGE otgs ¢ feiiin Il . -
— —_—fn =
TIIERicEEEE B I3 EEEE E32333E22 SESDERERNE WER NEIEIE IR EEO0) PEREE SRS . R N J
PHEHI g b 3353 “ AERERES FE e S RO CE S E S e o ML SEh S I O y briiicell . T POv
EAERI So R 11117 £33 wdn FISERREESE REERE RS I RERSE N [ . [ I B FRE — I
ssilsgse TTr1it HHee b3} N..xwt i YT he Ty 5k N B i, (S E L3 ERUE SR Lt [T .
TEE3S 2iais TR RasE S358) SISV =ry FE R 1 T f223: faa 2l B e c s F SEARETRERS B " i N
= o JRES by 23S AEE3] 53 SISTEERES BEEET IR IEt I EESE ER2 N B SRS DREEE DR [ ERERERE T Ml ™
! s nagyl o by  SEei R ted S TUE RS It A il REE: FESES REEEY & A0S D pidNtid [ N L. P
24 2 : 3 (52551 P IE IR ST R LR LR JDSS Sysds hidys N [ES9% BRTE ARy ER S s ce] =
o padalionr. s it RO Bo23% SaSat ot A & : ¢ AR D 2
w SS8s padus s 3esos SEd Shpsniraig SIb el Eee Fote HhEH (DS IS A « : i o4 o
! v .f.c -+ 444 g ety iy v rtidrt PR R PRTS SPR e s PR - s - P H
} + —+ »g 81 144 J.mi sge TR RS ML BTSSR 1250 S SR PPN S .~ ~ N
? :M L ¥ 3 b e rﬁm} SRR R T Kt 532t EESR B PO DRI : .- .-
T & )t PSR LS 11:114 A EDAL SN Seots RTS SN ISR SR A : . Lo
.,HWN 4“71? ﬁ 3345 0D @ BN SN NEE IO [RRS FSR g S I B M SN - N N
11 1 My 3 . - 4 - P45 S LEMDE 55 31 AN SR T LaRLE Eaads TR SR B .. Ve - . P
.» 4444 @ t PR e S L e v feadqfreecqe PR PP - . -
[7-] H 18 ~r»r‘.;1 N O R Pre S I P ede . . P .
“ {1 4+ 41?1»» P s IRt t ERe s Eaada N . tred . . .- . “«
111 5 sas “ » S T-- RRSRREA SIS IR PRTEY REDDY P T e S N [RESS DI U N P .. —
H U i { 1 P G USRI FENE DOO) PROBS PR I N X R ax TSE 00 PO R . P
a . Hy HH L R o B N L R B R L I ' DDA
4 e wa by 414 711 3 (RS "SR N i e s T R R N ! b e febaeteig TTAWH wend N L. R
! u.w L. TT. »%4,» L ~fva(4{TY4¥ . [ e IR + e .. e
i SEETY Fw Blegdlll e S b 4 SIS GEDUNY SRV e ue e e
HEP) HERAD RNEE i T T ! : - ,
ihis 4‘ il A +" . b — - b : H_. f'ﬂ . Ty LLIATIIT
i i N;.J 4 : h . - + ! - Cie f e e e @ e
n L § ] o [ i e e R DURATTORT FOU RPN SRS
ft I Ly IeRtERNE BiR, VeROEH! oI L i . =
- o ~ o - o3 o~ ] - O C ~ [ o7 - - ":4 o~ 72 -
- -t Ol. o~ p— .

SWHG - IINVISISIH




=r EE RERE: SNSEESS
: Al S
ok - EEREER g
Ll oy mrae SR 5T 5% B ER R EF S K=
Er= s =y
Sexe SH IR i r ]
7 b - - - - - S IR Ey
RERE RIS S&
SRR S & - 1 —
" bl o il il S
wwa M by [ E et :
" 33 3 R85 28 B3 B SR 0l $4 4 : 3
T R D nd s nd be mE - - DENE I DG S S

3 ¥
m M
M $d — N
m H+ LH. w _ :
L dhid Ly S S R o R —
1 144Aljf,
: . LI AREA LAy AR AAMAR R NG i oo o -
N “ T 1 : ¥ pu ¢ — pam won o —
M Jesa n g Y B ) y T 11 + + - e T —
£ ) 28 . + Haed i+ ne P Suin SEDVEE SMD S e
: j ; T R T e e
W 4 “ + T t S Eadh | — —f g - i +— .
T .
. + T : T ; s ; H :
¢ ] ﬂ PR TSRS S e e A e = i
: 558 T P T e
I ? ” ! ; L I N I A IS UG S NERAID JEDG: 1 T
H I I 1 RS B S T . o
! T —+ RE - +1 e s fe B B B ek i - 4 lez
~ ¢ - + - + 4
h , THE iR EERSERS
T | 1 i ‘
i = T . R -H%wi-ﬂT_r B S Y
1 { I : 13i]. 02 I -
i H B : M B e
N T ! { 1 !
1] . 1 SISERNNRE S et s O T T
! ! ] RERNE RN NS RN LN U T SN U BN R
i 1 T 1 T i lex.T 1 1 0 D A B
! | T 1 1 | | T I P IV { | H
v HH! 1 N 1 1 1 1Tt : -1 ; —
Hli i ! I IREENIINEI SRR SN EEERE Bl I
i Ui | ; frte : i ENERN I ! 1
T v [ rh ) . i 1
m il RSN : - Y et m ;
I i S A ! : SIESHAREN AR ET ] i
1 i . T i it R 1
: : l A A 411
Af I 1 BERR T i .L BENE T T
T t L *
atlinl ! } i } Aw : i ] % BERN
:
bis HILIHE 1t ! SRR s
-

120-4

REV

47

FREQUENCY - kHz
Figure 33. Cail A Measured Q

Iy S Nt st




Figure 34 shows the measured loss nerformance of Coil A
compared w.th the calculated values. The measured luss resis-
tances were normalized to ohms-per-thousand-feet of conductor
for easy comparison of inductors and published wire data. The
copper tubing cross sectional area is equal to a round wire of
0.18 centimeters in diameter.

It can be seen that below 100 kHz, the m2asured values equal
the predicted values of loss resistance. Above this frequency,
the measured values diverge upward quite rapidly. Further meas-
urements show that this coil is going into parallel reconance
with its distributed capacity and that this resonant frequency
is 480 kHz., The peak in the Q of this coil from Figure 28 is
at a frequency of 120 kHz and the roll-off of the Q above this
frequency is due to approaching resonance.

Terman (Ref. 7) has shown that the increase in resistance as
resonance is approached is

R total - 1l
R actual (1 2 )2 (46)
SR 1

Where y iz the ratio of the working frequency to resunance
frequency. This term has been calculated and is shown in
Figure 35. By applying this ratio from Figure 35 to the known
ac series resistance of the coil above 100 kHz from Figure 34,
an analysis of the measured coil performance as compared with
the calculated performance is shown in Figure 36,

Ti~ r.xpression for inductors wound with multi-strand insu-
lated Litz wire (Ref. 8) is

2 2
ac Resistance a
= H +|K +
dc Resistance Rk ul_o ds n2 G (47)
c do

= number of strands
= diometer of individual strands

o>
o
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= diameter of the cable

a

o
G is shown in Fig. 28 (use strand diameter)
H is shown in Fig. 27 (use strand diameter)
K—

= 1,55 for n = 3, 1.84 for n =9, 1.92 for n = 27,
2 foxrn = oo,

It can be seen, that if the diameter is smail, (less than
skin depth, then H from Figure 27 is unity, and G from Figure 28

is less than 10”4 and \ds/qo) 2 is of the order 10-3 and

ac .
dc 1.0 (as a limit) (48)
which says that, if the strand size is small enough at low fre-
gquencies, both the skin effect and proximity effect disappear.

Numerous other coils having varied configurations were
fabricated and measured. It was found that below the frequency
where parallel rescnance effected the @, the loss resistance
could be predicted with good accuracy. It was further found
that losses due to parallel resonance could not be predicted
accurately and since the losses rise rapidly above a critical
series reactance (about 1500 ohms), it is undesirable to utilize
coils with this characteristic in the RADC antennas.

The best aspect ratio for minimizing coil losses is a coil
length approximately equal to its diameter, however, this is a
slowly varying function and is not critical. A universal set
of design curves is showi. in Figure 37 giving the loss per thou-
sand feet of conductor with this aspect ratio and a conductor
spacing equal to one conductor diameter. The values shown for
Litz wire are calculated from theory as our available instrwasen-
tation was not accurate for Q's over 1000. We found that the
resonance effect noted also increased the losses in Litz coils
having reactances above 1500 ohms,

Losses to be expecte® by shielding enclosures of inductors
is given by Howe (referen. 9).
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R = 9.37 x 1074 N, 4 /E (49)
(o]

v 4

N = number of turns

Vo = radius of coil

v = radius of spherical shield

f = frequency in Hertz

p = resistivity of shield = 1.727 x 10~6 for copper
RS = coil series resistance

For rectangular shields, the mean dimensions approximating
an equivalent sphere may be used. The solution for this equa-
tion is shown in Figure 38 at 100 kHz, and can be applied to
other frequencies as shown thereon.
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SECTION IX

MODIFIED MODEL DESIGN

The conclusions from our inductor study were that the
excegsive losses in the tuning coils were due to self-parallel
resonance since these coils had over 2000 ohms of reactance.
It was necessary then to reconfigure the model to reduce the
tuning coil reactance to less than 1500 ohms per element.

There are several methods for increasing the capacitance
per element in the PARAN system.

1. The top hat area may be increased

2. The number of elements may be decreased

A combination of both of these alternatives may be the optimum
approach.

The most direct method of increasing the capacity per ele-
ment is to decrease the present four-element configuration to
two elements, The reactance for each of the four elements was
about 2400 ohms, and this will be 1200 ohms for each of two
elements. A typical inductor would be a 48-inch diameter, 48
inches long with 110 turns of 1/4-inch tubing. This will be 10
millihenries and 1200 ohms reactance at 27 kHz, From Figure 37
the resistance of 1/4~inch tube is 1.2 ohms per 1000 feet, or 1.5
ohms for the 1250 feet required.

Figure 39 shows the circuit parameters with 1.% ohms coil
loss, 3.33 ohms ground loss at 27 kHz, and a radiation resistance
of .0224 ohms. The efficiency of the system is equal to each of
its elements and is

R
o= - = 1.5 +.og§;4 + 3.33 (50)
R, T Ry TR .

i

n .00462 = .462% (51)

This will meet the specification, but not the desiyn goal,

Tests were run on the present model as modified to confirm the
above prediction. Two of the top hat connections were removea
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and the following measurements were made using the presently
installed coils which were tapped down to produce resonance.

100 watts Input

Measured Coil Reactance
Measured Coil Resistance
Measured Coil Current
Measured Base Current
Measured Field Intensity
Radiated Power

Measured Efficiency
Ground Resistance
Radiation Resistance

Top Hut Voltage

1480 ohms

3.1 ohis

2.72 amps

2.3 amps

2.73 mV/m
+215 watts
.215%

5.5 oums

.0204 ohms

90 kv (50 kW)

correlating with predictions from Figure 39.

With a lower reactance top hat, the tow:r base currents and
the coil currents have a smaller ratio as shown by the measure-
ments. The coil resistance can be transferred to the tower base
by the square of the current ratio to retain the power loss con-

ditions,
2
- I _312‘(2.722
Rbase coill 1 * 2.2
base
Rbase = 4.85 ohms
- .0204 x 100%

n 4.85 + .0204 + 5.5
n = .218% (approximately .215 as measured)
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Therefore as previously shown, if the coil loss is 1.5 ohms
and the ground loss is 3.33 ohms, the efficiency will be

.0204 (56)
1.5 + .0204 + 3,33

n .42% (57)

By adding two supports and driving three elements as shown
in Figure 40, the antenna can be made to meet the design goal of
.58 efficiency. This antenna has approrimately the same diameter
as the diagonal of the previous four-element array 4acd reduces
the top hat reactance to 1000 ohms for each of the three tuned
elements,

The predicted efficiency from Figure 41.

0336
n = . =
- 1.5 + .0336 + 3,33 X 100=¢% (58)

n = «692% (59)

A model of this antenna was installed and measurements taken
as follows:

100 Watts Input

Measured Coil Reactance 970 ohms
Measured Coil Resistance 3.0 ohms
Measured Coil Current 2,075 amps
Measured Base Current 1.9 amps
Measured Field Intensity 3.5C mvV/m
Radiated Power .354 watts
Measured Efficiency «354%
Radiation Resistance .0327 ohms
‘ Ground Loss 5.62 ohms
Top Hat Voltage 45 kv (50 kW)
. 59
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-

Correlating with predictions from Figure 41, the equivalent
coil loss at the antenna base is

1 \2 2
R =/ c R = 2,075 < 3 (69)
Cp T c 1.9
\ b
= 3, 5 61
R(coil at base) 3.28 oams (61)
032/
= . 62
" %3728 + .0327 + 5.62 (62)
. (63)
n = .365 (approximately .3548%)
Here again, if the coil loss is 1.5 ohms and the ground
loss is 3.33 ohms, the efficiency will be
0327
= : 64
" 1.5+ .0327 + 3.33 X 100 (64
n o= ,673% (65)

As requested by RADC, field intens’ty measurements were
extended to 40 miles on this model as shown in Figure 42,
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SECTION X

CONCLUSIONS AND RE/:OMMENDATIONS

With the increased characteristic admittance of soil at 27
kHz, it appears that the 5.5 ohm ¢rouna resistance of the model
will be close to the predicted 3.33 ohms using the present
ground system. It appears that a reasonable coil size using 1/4-
inch tubing will hold coil losses to 1.5 ohms at 27 kc. This can
be further reduced with larger tubing or Litz wire.

During the last month's tests, the original top hat config-
uration was strapped together at the towers, thereby eliminating
the angular current path for each element. There was no change
in the resonant freguency of the antenna model. The reason for
this change was to simplify the mechnical design and reduce
structural loading. It appears that there is little or no effec-
tive series inductance in the special configuration and it can be
eliminated for a more unified lacing of the top hat as shown on
the three-element model of Figure 40.

The development work has now reached the point where two
models have been developed and tested. One will more than meet
the specified efficiency of 0.2% efficiency as obtained on the
model and witlh groper design, the full scale model should exceed
0.4% efficiency. +tThe other scale model has achieved 0.354% effi-
ciency, and with prop. - design, should exceed the design goal of
0.5% efficiency for the full size model.

The final configuration should be capable of more than the 50
kilowatt input requirement and can be designed for at least 100
kilowztts. It is recommended that a full scale prototype be erec-
ted for the purpose of determining the upper limits on efficiency
and power handling capability.
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